T he cornerstones of primary hemostasis are von Willebrand factor (vWF) and platelets. Platelet adhesion, to exposed vascular subendothelial collagen, is mediated by vWF (Figure 1 ), which results in platelet activation and aggregation. The simultaneous exposure of tissue factor leads to initiation of the process of secondary hemostasis, ie, activation of the procoagulant cascade and eventual formation of a hemostatic fibrin clot. 2 Bleeding disorders are broadly classified into primary hemostatic defects (congenital and acquired vascular abnormalities, quantitative and qualitative platelet defects, and von Willebrand disease [vWD] ) and secondary hemostatic defects (congenital and acquired coagulation factor deficiencies). The most common congenital bleeding disorder is vWD, which is due to an abnormality of vWF.
Although the laboratory diagnosis of type 2 variants and type 3 vWD is reasonably well defined, the laboratory diagnosis of type 1 vWD still poses a challenge. Characterization of the human genome in general 3 and the vWF gene in particular and refinements in molecular techniques have facilitated the definition of the molecular basis of types 2 and 3 vWD, whereas the molecular basis of type 1 vWD is being defined. Such advances have also facilitated the development of a repertoire of genetic tests that, given their cost, warrant judicious utilization. Herein, a practical approach to the diagnosis of vWD is provided, and the repertoire, testing indications, and interpretation of genetic testing for vWD are reviewed.
TESTING OF PATIENTS SUSPECTED OF HAVING BLEEDING DISORDERS
A detailed discussion on the approach to testing patients suspected of having bleeding disorders is beyond the scope of this article; however, a practical approach is outlined herein. A patient who presents with either spontaneous or postoperative hemorrhage or a family history of the same should undergo a detailed evaluation of personal and family history, physical examination, and laboratory testing for a bleeding disorder. A thorough personal and family history and physical examination are important screening tools to identify a potential bleeding disorder, 4 although not all such patients will have an identifiable defect. 5 Issues to address in the patient history include age at onset of bleeding (which helps differentiate between congenital and acquired bleeding disorders) and pattern of bleeding, such as mucocutaneous (epistaxis, oral cavity, bruising, and menorrhagia), which is typically a manifestation of a primary hemostatic defect (eg, platelet defect or vWD), or soft tissue and articular hemorrhage, which are typically manifestations of a secondary hemostatic defect (clotting factor deficiency, eg, type 3 vWD or hemophilia). Details of surgery-related bleeding and a detailed medication review (antiplatelet agents such as aspirin or nonsteroidal anti-inflammatory agents) are important as well.
Two situations typically lead one to consider laboratory testing to diagnose or exclude patients with vWD who present with bleeding symptoms and patients who are referred for evaluation because of a family history of vWD. Patients who present with bleeding symptoms may not have previously undergone hemostatic testing. In such a situation, comprehensive evaluation should consist of a complete blood cell count (to determine the number of platelets), screening tests such as prothrombin time and activated partial thromboplastin time (which are reasonably sen-sitive to clotting factor deficiency states), and performance of factor VIII (fVIII) and vWF assays (outlined subsequently). Depending on the findings, additional testing may be pursued (eg, assays of other clotting factors, factor XIII, platelet aggregation, and evaluation of the fibrinolytic pathway [antiplasmin and plasminogen activator inhibitor 1]).
In patients with a family history of vWD, it is reasonable to perform testing for vWD based on a vWD profile. Thus, the remainder of this article will focus on the biochemistry, laboratory testing, and an approach to molecular testing in vWD.
BIOSYNTHESIS OF vWF
von Willebrand synthesis occurs in vascular endothelial cells and megakaryocytes. The primary translational product, pre-or pro-vWF, consists of a 22-amino acid signal peptide, a 741-amino acid propeptide, and a 2050 mature protein. After cleavage of the signal peptide, vWF precursor (pro-vWF) undergoes posttranslational modification in the endoplasmic reticulum (N-linked glycosylation and dimerization by disulfide bond formation between the cysteine knot domains at the C-terminal ends), after which the provWF dimers are transported to the Golgi apparatus. In the Golgi and post-Golgi compartments, the pro-vWF dimers undergo sulfation, O-linked glycosylation, and multimerization by forming disulfide bonds between the Nterminal ends of subunits, resulting in multimers ranging in size from 500 kDa to more than 10 million Da and proteolytic cleavage. After its synthesis, vWF is then either constitutively secreted directly into plasma or stored in the Weibel-Palade body of endothelial cells and in platelet granules to be released after appropriate stimulation 6 (eg, in response to stress, vascular injury, or 1-desamino-8-D-arginine vasopressin [DDAVP] ). On secretion from endothelial cells, the ultralarge-molecular-weight multimers of vWF, which are the most hemostatically active, are cleaved into smaller multimers by a specific protease ADAMTS 13 by cleavage at the Tyr 1605-Met1606 bond within the A2 domain. 7 FIGURE 1. Role of von Willebrand factor in platelet adhesion and aggregation. Top, Inactive platelet with intact endothelium. Bottom, Disrupted endothelium with activated platelet leading to platelet adhesion. GP = glycoprotein. Adapted from N Engl J Med.
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STRUCTURE AND FUNCTION OF vWF
Structural and functional relationships of vWF were recently reviewed. 8 The mature vWF peptide consists of 2050 amino acids organized into 4 domains (A-D) ( Figure  2 ). Each domain contains functional residues that mediate vWF biological functions of platelet adhesion and aggregation as well as protection of fVIII from premature inactivation. The A1 (amino acid residues 497-716) domain binds to type VI collagen, whereas the A3 (amino acid residues 910-111) domain binds to type I and III collagen. In addition, the A1 domain contains the binding region for glycoprotein (GP) Ibα, a component of the platelet GPIbα-IX-V receptor complex and the heparin binding site. The fVIII binding domain of vWF is localized to the D′ and D3 domains. The C domain contains the platelet GPIIb-IIIa complex binding site.
DISEASE SYNOPSIS EPIDEMIOLOGY
Congenital vWD is an autosomal disorder that reflects abnormalities of vWF. Defining its exact prevalence poses a challenge given the variables that affect clinical and laboratory diagnosis of vWD; nevertheless, it is the most commonly recognized congenital bleeding disorder. Estimates of prevalence vary with study and range from 1 per 10,000 persons 10 to 0.82% 11 to 1.3%, 12 with type 1 vWD being the most commonly represented subtype. Prevalence of type 3 vWD is better defined as 1.38 to 1.51 cases per million in the United States and Europe, respectively, 13 and 0.1 to 3 per million persons in a second report. 14 
DIAGNOSIS AND CLASSIFICATION OF VWD
Since the initial description of vWD, 15 improvements in laboratory and molecular techniques, discovery of the vWF gene, and elucidation of the molecular pathological findings have led to the recognition and classification of a variety of different vWD subtypes, 16, 17 and further clarification of the molecular pathological findings of vWD continues to refine the classification. 18, 19 SELECTION OF VWF TESTS Comprehensive reviews on the laboratory diagnosis of vWD have recently been published 20, 21 and will be briefly reviewed herein. The diagnosis of vWD is established based on a personal and/or a family history of abnormal clinical bleeding and results of diagnostic tests. Since screening tests for vWD, including bleeding time and Platelet Function Analyzer (PFA-100, Dade Behring, Deerfield, Ill) lack sufficient sensitivity, 20,22 a vWF panel is required. The diagnosis is based on a reduced vWF antigen (vWF:Ag), vWF activity assay (ristocetin cofactor activity [vWF:RCo]), and fVIII coagulant activity (fVIII:C). 23 Results should be analyzed within the context of blood group.
Analysis of vWF multimer distribution is important for typing and subtyping of vWD. The assay is labor intensive, involving protein electrophoresis followed by radioactive or immunofluorescent detection of vWF multimers on the gel. The vWF multimeric analysis should not be ordered with the initial screen, unless it is available reflexively (ie, for further evaluation of abnormally low vWF test results). 20 Additional tests may include performance of the collagen binding assay, ristocetin-induced platelet aggregation, and vWF fVIII binding assay (vWF:fVIIIB) ( Table 1 ).
The fVIII:C provides information on the ability of vWF to serve as a carrier protein for fVIII and is typically normal The vWF collagen binding assay is being increasingly used in the diagnosis and management of vWD, is based on the enzyme-linked immunosorbent assay, and provides information on the presence or absence of the higher-molecular-weight multimers and vWF collagen binding function. Thus, this assay complements rather than replaces the vWF:RCo assay. 25, 26 Additional assays that are not widely available include ristocetin-induced platelet aggregation, which provides a measure of hyperreactivity of patient vWF to low concentrations of ristocetin that induce platelet aggregation characteristic of type 2B variants of vWD. The vWF:fVIIIB detects the fVIII binding defect on vWF.
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Based on levels of vWF:RCo, vWF:Ag, fVIII activity, and distribution of vWF multimers, vWD can be broadly classified into quantitative (types 1 and 3) or qualitative (type 2) abnormalities of plasma vWF 18 (Table 2) . Quantitative abnormalities include a mild to moderate reduction of qualitatively normal vWF (type 1 vWD) or absent vWF (type 3 vWD), whereas in qualitative (type 2 vWD) defects, the plasma vWF exhibits defective structure and function, resulting in a reduction of the high-molecular-weight multimers and a discordant decrease in vWF:RCo (compared with vWF:Ag) in types 2A and 2B (Figure 3) . Several clinical and laboratory variables affect the diagnosis of vWD, including variable phenotypic expression of vWD, even within families with clinical bleeding, rendering the diagnosis of vWD, especially type 1, complex and difficult. 28, 29 KEY CONSIDERATIONS IN THE DIAGNOSIS OF VWD Multiple variables that affect vWF levels can make a firm diagnosis of vWD difficult. In aggregate, mildly reduced vWF:Ag and vWF:RCo levels do not always establish a diagnosis of vWD 29 ; conversely, low normal vWF:Ag and vWF:RCo activity does not always exclude the diagnosis. Of the several genetic and environmental modifiers known to affect vWF levels, the best known genetic modifier is the patient's ABO blood group. 30 Persons with blood group type O have on average 25% lower vWF levels than patients with non-O blood groups. 31 In addition, inflammation, stress, pregnancy, or estrogen therapy may increase vWF levels above baseline and potentially mask diagnosis of mild vWD. 32 Thus, repeated follow-up testing is advised to confirm or exclude the diagnosis of vWD. 33 In addition, although vWF:Ag assays have good precision and reproducibility, the vWF:RCo assay has greater variability, 34, 35 resulting in potential for misdiagnosis and/or misclassification. 21 Furthermore, the low sensitivity of the available tests is highlighted in one report, in which approximately 40% of obligate heterozygotes with type 1 vWD had normal test results, 36 and in another report, which demonstrated variability in test results over time. 37 Thus, clinical correlation with patient symptoms and follow-up laboratory testing may be indicated. 38 Lack of clear delineation of the normal state vs the disease state has led to a proposal to consider mild reduction in vWF as a risk factor for bleeding and to reserve the diagnosis of vWD for patients with clearly dominant disease (ie, moderate to marked reduction in vWF levels and bleeding histories). 9 Currently, clinical molecular genetic testing for confirmation of diagnosis of type 1 vWD is not *Ag = antigen; CBA = collagen binding assay; fVIIIB = factor VIII binding assay; fVIII:C = factor VIII coagulant activity; RCo = ristocetin cofactor; RIPA = ristocetin-induced platelet aggregation (0.5 mg/dL); vWD = von Willebrand disease; vWF = von Willebrand factor.
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recommended, although evolving information suggests it may be useful in selected cases in the near future.
CLINICAL FEATURES
Substantial deficiency of vWF (eg, levels lower than 20% to 30%) results in a primary hemostatic defect, and most patients typically experience mild mucocutaneous bleeding symptoms, including lifelong ease of bruising, epistaxis and menorrhagia in women, and posttraumatic and postoperative surgical bleeding. The absence of spontaneous bleeding in mild to moderate phenotypes can lead to a false sense of security on the part of both physicians and patients, such that seemingly minor procedures (eg, colon polypectomy or dental extraction) can result in pronounced hemorrhage without appropriate periprocedural hemostatic management. Consistent with its fVIII carrier function, progressively decreasing vWF will result in a secondary decrease in fVIII and, if severe enough, will result in an additional hemostatic defect. Thus, patients with type 3 vWD, with very low fVIII levels, can experience soft tissue and joint hemorrhage as seen in patients with moderately severe hemophilia.
MANAGEMENT
After the diagnosis of vWD has been established, a DDAVP treatment trial should be considered for patients with types 1, 2A, and 2M vWD. 39 Intravenous administration of 0.3 µg/kg of this synthetic analogue of the antidiuretic hormone vasopressin results in release of vWF from its endothelial storage sites, with maximal plasma levels occurring at 30 to 90 minutes after DDAVP administration.
Patients with type 1 vWD typically experience a 2-to 5-fold increase of vWD and fVIII over baseline, which generally lasts 8 to 10 hours 40 ; however, this response may be short-lived in selected patients with type 1 vWD, and in patients with type 2 variants of vWD, response and duration of response may be unsatisfactory. Generally, DDAVP is not helpful for patients with type 2B vWD given that release of endogenous vWF results in worsening of thrombocytopenia 41 ; however, the clinical importance of this finding is being debated. 42 Patients with type 3 vWD will not respond and should not undergo a DDAVP trial. 43 For patients who respond, DDAVP is a reasonable alternative for prevention or treatment of minor bleeding or for minor procedures such as dental extraction and in the management of menorrhagia in women with vWD. An intranasal formulation of DDAVP (Stimate, ZLB Behring, King of Prussia, Pa) is licensed for use in the United States. A single spray typically delivers 150 µg, which is sufficient for children or adults with body weights less than 50 kg; however, adults typically require 300 µg. 44 A more concentrated preparation for subcutaneous use is not licensed for use in the United States. For patients who do not respond to DDAVP and for those in whom it is contraindicated, purified plasma-derived vWF concentrates are the therapy of choice. 45 The mainstay of management consists of prophylaxis and treatment of bleeding episodes, which was recently reviewed. 1 
GENETIC BACKGROUND OF VWF
The vWF gene is located near the tip of the short arm of human chromosome 12, consists of 52 exons, and spans approximately 180 kb. 46 The intron-exon boundaries roughly correlate with the vWF functional domains, and there is an unprocessed partial pseudogene located on chromosome 22q11.2 that is approximately 97% identical to exons 23 through 34 of the vWF gene. Although this high degree of homology warrants careful interpretation of the results of molecular testing, the use of gene-specific polymerase chain reaction primers has facilitated such interpretation. 47 In general, quantitative abnormalities of the vWF gene are due to promoter, frameshift nonsense mutations, and large deletions, whereas missense mutations result in qualitative defects. The presence of multiple exonic polymorphisms makes interpretation of the results of molecular testing difficult; however, in vitro expression of such mutations has clarified their deleterious nature. The presence of a highly pleomorphic variable number tandem repeat within intron 40 has been informative for linkage analysis. 48, 49 Mutations and polymorphisms in the vWF gene are currently being cataloged in an international database, which can be accessed via the Internet. References for the amino acid number system used herein can be accessed at www.shef.ac.uk/vwf/. 18 accounts for approximately 70% of cases of vWD and is characterized by mild to moderate proportionate reductions in plasma vWF:Ag, vWF:RCo with normal or decreased fVIII:C, and a normal distribution of vWF multimers. 33 Included in this category are several subtypes of vWD from the original classification 17 (I platelet normal, I platelet low, IA, I-1, I-2, and I-3). Although the subclassification based on platelet vWF content 50,51 has been demonstrated to be of clinical importance (ie, poor response to DDAVP in the platelet low subgroup 51 ), providing such complex testing on a routine clinical basis is not practical. 21 Knowledge of the molecular basis of type 1 vWD is only beginning to evolve. 52, 53 Even though the vWF gene had been identified, early linkage studies of families with type 1 vWD suggested weak 54 or inconsistent 55 linkage to the vWF locus; in addition, earlier studies demonstrated linkage to the vWF gene in only 41% of families, 56 even though comprehensive sequencing of the vWF gene yielded 112 candidate mutations for which structure function relationships were being defined. Moreover, selected patients with type 1 vWD were found to be heterozygous carriers of type 3 defect, 57 but not all such individuals have symptomatic bleeding. 58 Studies of animal models have suggested locus heterogeneity as an explanation for the mild quantitative deficiency of vWF associated with type 1 vWD (eg, defects in glycosylation of the vWF protein 59, 60 ), resulting in a shortened vWF survival.
A recent report found segregation of a specific mutation Tyr1584Cys in up to 15% of families with type 1 vWD. In addition, expression studies demonstrated increased intracellular accumulation of the variant carrying the mutation, 61 thus, potentially providing, for the first time, a genetic test that may assist in clarification of the diagnosis of vWD in patients with borderline vWF assay test results. Moreover, more recent studies have demonstrated stronger linkage to the vWF gene. 62 Therefore, evolution of knowledge of the molecular basis of type 1 vWD will clarify the role of genetic testing in type 1 vWD.
TYPE 3 VWD
Type 3 vWD is autosomal recessive and characterized by a severe reduction in vWF:Ag and vWF:RCo and a concordant reduction in fVIII:C activity, resulting in a more severe phenotype. Its prevalence ranges from 0.5 to 5.3 per million. 14, 63 The most common mutation reported in patients with type 3 vWD is a frameshift mutation in exon 18, which was found in approximately 50% of a cohort of patients 64 and is a common mutation reported in German patients. 65 Although uncommon, gene deletions, detected by Southern blot analysis, are predictive of development of alloantibodies directed against transfused vWF.
66 Additional characterized deleterious mutations include missense and nonsense mutations that result in loss of vWF messenger RNA expression 58 and frameshift and splice site mutations. A complete listing of various mutations can be found at www.shef.ac.uk/vwf/.
Although 48 for vWD are listed with GeneTests (www .genetests.org). In summary, for the quantitative variants, despite the limitations discussed herein, genetic testing for type 3 vWD is rational; however, further clarification of the molecular basis of type 1 vWD is needed before implementation of clinical genetic testing.
TYPE 2 VWD
Type 2 variants of vWD, which account for approximately 20% to 30% of patients with vWD, are characterized by qualitatively abnormal vWF with decreased plateletdependent function associated with decreased or absent hemostatically active high-molecular multimers. Qualitative variants include types 2A, B, N, and M, and included within this broad category are variants defined under the original classification scheme. The molecular basis of type 2 variants has been intensely studied, providing clear information on the deleterious nature of mutations.
TYPE 2A VWD
Type 2A vWD is typically autosomal dominant and accounts for approximately 75% of all type 2 vWD. There is a variable reduction in vWF:Ag, with a discordant reduction in vWF:RCo activity, indicative of a qualitative vWF abnormality. The higher and intermediate plasma vWF multimers are reduced or absent, and the lower-molecular-weight multimers are relatively increased or have an abnormal infrastructure. Plasma and platelet multimer abnormalities may be concordant or discordant, depending on the underlying molecular defect.
Included in this category of vWD are several subtypes previously classified as IB, IIA, IIA-1, IIA-2, IIA-3, IIC, IIE, IIF, IIG, IIH, and II-1. 17 Missense mutations that result in type IIA vWD occur predominantly in the A2 domain (Gly 742 to Glu 875) ( Figure 2 ) and result in abnormal vWF patterns by 2 distinct mechanisms. The first group includes mutations that impair the assembly and secretion of normal vWF multimers, resulting in decreased higher-molecularweight vWF multimers in both plasma and platelets. 67 The second group includes mutations that result in normal assembly and secretion of vWF. However, the mutant vWF has an increased sensitivity to proteolytic degradation in plasma, resulting in decreased plasma high-molecularweight multimers but a normal platelet vWF multimer pattern. 68 The cleavage site in a subset of patients with type 2A vWD was shown to be the Tyr842-Met843 bond, in which mutations may result in a conformational change, resulting in increased sensitivity to proteolysis.
The molecular defect in subtype IID results in defects of dimerization at the C terminus of vWF and defects of polymerization to multimers at their N termini. 69 Mutations have been described in the D1 and D2 domains in subtype IIC and in the D3 domain in subtypes IIE, IIF, and IIC Miami. 19 Additional mutations are being described and cataloged in the vWF mutation database.
TYPE 2B VWD
Type 2B vWD, which accounts for approximately 20% of all type 2 vWD, is autosomal dominant and characterized by a variable reduction in vWF:Ag and a discordant reduction in vWF:RCo activity, with a loss of the higher and intermediate plasma vWF multimers but normal distribution of platelet vWF multimers. This variant is distinguished from type 2A vWD by the presence of mild to moderate thrombocytopenia, which occurs as a result of an increased affinity of vWF for the platelet GPIb-IX complex, resulting in spontaneous binding of plasma vWF to platelets and platelet agglutination in vivo and clearance of the platelet-bound larger multimers from plasma. In addition, platelet aggregation in response to low concentrations of ristocetin demonstrates an exaggerated response. Loss of higher-molecular-weight multimers is not a characteristic of types I New York 70 and Malmo 71 in which hyperresponsiveness to ristocetin is a feature. Most deleterious mutations are missense mutations that occur in the A1 domain, which contains the GP1b-IX complex binding domain, and in vitro studies demonstrate that these mutations result in gain of function. Type 2B vWD must be distinguished from a pseudo-vWD or platelet-type vWD, which is similar in presentation. Patients in the latter group have a primary platelet defect that results from mutations in the platelet vWF receptor (GPIb-IX).
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TYPE 2M VWD
In type 2M vWD, although the vWF:Ag and the distribution of vWF multimers are normal, the vWF:RCo activity is reduced, reflecting a functional defect of the vWF multimers. This subtype includes patients with larger than normal vWF multimers (vWD Vicenza), which result from uncleaved pro-vWF or ultrahigh-molecular-weight multimers. Selected variants have mutations in the A1 domain, resulting in decreased binding affinity for platelet GPIb; however, mutations in the D3 domain have been found in families with the Vicenza subtype. 73 Most described mutations are missense changes.
TYPE 2N (NORMANDY) VWD
Mutations in the fVIII binding domain of vWF result in suboptimal binding of fVIII to vWF, which can be detected by performing fVIII binding assays or predicted by DNAbased testing 27 (Figure 2 ). This binding defect results in a shorter half-life of plasma fVIII; thus, plasma fVIII activity is reduced typically to 5% to 20% of mean normal. Levels of vWF:Ag and vWF:RCo activity are normal as is the vWF multimer distribution. This subtype mimics mild hemophilia A; however, it is distinguished by its autosomal recessive pattern of inheritance rather than the X-linked recessive pattern of hemophilia A.
In a recent international survey, type 2N VWD was detected in 58 (4.8%) of 1198 patients previously diagnosed as having mild hemophilia A. 74 Three vWF gene mutations in the D′ domain, Thr791Met, Arg816Trp, and Arg854Gln, accounted for 96% of patients with type 2N vWD. 74 Type 2N vWD should be considered in patients with a diagnosis of "mild hemophilia A" with a non-X-linked inheritance. Typically, heterozygotes have normal fVIII levels, and homozygotes have reduced fVIII activity. However, apparent heterozygotes with low fVIII levels typically have inherited a second allele, resulting in a vWD phenotype (compound heterozygotes for type 1 and type 2N vWD). 75 In summary, the more detailed genotype-phenotype correlations and relatively well-localized mutations provide rationale for genetic testing in the type 2 qualitative variants of vWD.
INHERITANCE OF VWD
Of the quantitative defects, type 1 vWD is an autosomal dominant bleeding disorder with incomplete penetrance, whereas type 3 vWD is autosomal recessive. Of the quantitative variants, types 2A, 2B, and 2M vWD are considered autosomal dominant, although selected patients classified under type 2A (eg, type IIC) have autosomal recessive inheritance. Type 2N (Normandy) vWD is considered autosomal recessive.
LABORATORY TESTING IN vWD
Results of laboratory testing should be interpreted with certain caveats in mind.
GENETIC MODIFIERS OF VWF
People with blood group O have an average vWF level that is 25% to 30% lower than the non-O blood groups. 31 Therefore, ABO blood group typing should be part of initial testing. In addition, secretor-null persons have lower vWF levels compared with heterozygous or homozygous individuals. 76 
ENVIRONMENTAL MODIFIERS OF VWF
The development of acquired defects of vWF, as can be seen in patients with aortic stenosis, 77 mimics congenital type 2 vWD. In addition, presence of myeloproliferative disorders and monoclonal protein disorders 78, 79 may also lead to acquired abnormalities of vWF. Combined oral contraceptive pills have been demonstrated to increase vWF levels. 80 However, although such data for women with vWD are not available, repeat vWF testing should be undertaken 4 to 6 weeks after discontinuation of oral contraceptives.
Pregnancy is known to increase vWF levels, especially in type 1 vWD 81, 82 ; thus, testing should be repeated when the patient is not pregnant. Generally, patients with type 2 vWD do not have a significant increase in vWF:RCo. 83 Short-term physical exertion leads to a rapid significant increase in vWF levels. 84 The presence of inflammation, malignancy, or hyperthyroidism increases vWF levels, whereas hypothyroidism is associated with reduced vWF levels. After the diagnosis of vWD has been established, family counseling and genetic testing are typical issues that arise.
RATIONALE FOR GENETIC TESTING IN VWD
Challenges that face clinical molecular genetic testing for vWD include the fact that the gene for vWF is large and highly polymorphic 85 and has a pseudogene homologous to exons 23 to 34. 47 Furthermore, the molecular basis for the most common type 1 vWD is being defined, and mutations in the rare but most severe type 3 vWD are not localized to any specific region of the vWF peptide. Thus, currently, clinical genetic testing for types 1 and 3 is not generally available. The clustering of mutations in type 2 vWD variants makes clinical molecular testing more feasible.
As with any genetic disorder, the expense and lack of easy access to genetic testing should prompt a critical evaluation of indications and utility of genetic testing in a patient or family with vWD. From the diagnostic standpoint, the most important aspects of genetic testing in vWD, with the potential to alter patient management, include (1) genetic testing to differentiate mild hemophilia A from type 2N vWD, in which both genetic counseling and appropriate selection of clotting factor concentrates are key to patient management; (2) delineation of the causative mutation in families with type 3 vWD, in which management of future pregnancies may be needed (eg, consideration of termination of affected fetuses or management of delivery); and (3) the need to distinguish between types 2A and 2B vWD. This last factor is predicated on the relative contraindication of DDAVP in patients with type 2B vWD, which is being debated. 86 Practically, however, the diagnosis of type 2N vWD is made based on the vWF:fVIIIB assay, and the diagnosis of type 2B vWD can be made with the standard profile of tests, including the ristocetin-induced platelet aggregation; thus, genetic testing may be used for confirmation of the diagnosis but is not essential. In contrast, delineation of causative mutation in families with type 3 vWD is essential if the information is to be used for prenatal testing. Although linkage analysis has been successful, recombination events, de novo mutations, and presence of the pseudogene increase the potential for misdiagnosis; furthermore, heterozygous carriers of mutations can have a normal vWD profile of tests and may be asymptomatic, further complicating the decision-making process, especially when termination of pregnancy is considered. Finally, careful phenotypic description of vWD using currently available protein-based testing may predict the genetic defect except in patients with types 1 and 3 vWD. 
PRACTICAL APPROACH TO GENETIC TESTING FOR VWD
RATIONAL APPROACH TO GENETIC TESTING IN vWD
The rationale for genetic testing of affected individuals can be summarized as follows.
TYPE 1 VWD
Genetic Testing of Affected Individuals. Genetic testing should not be performed as the initial screening test (Figure 4) . Given its typically mild phenotype, the evolving state of knowledge of the molecular basis of type 1 vWD and the implication of locus heterogeneity, genetic testing of the proband for establishing the diagnosis of vWD is not currently recommended. Currently, genetic testing to differentiate patients with borderline reduced or borderline normal vWF levels from a normal state is not recommended. The role of testing for the presence or absence of Tyr1584Cys mutations remains to be defined. 61 Further characterization of mutations found in pedigrees with vWD may aid in confirmation of the diagnosis but will not affect routine clinical management.
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Genetic Testing of At-Risk Family Members. Laboratory testing of potentially affected family members should consist of special coagulation testing (vWD profile). Given the inconsistent genotype-phenotype correlation, genetic testing has no role as the initial screening test, even though the affected individuals in the family may have had a mutation identified.
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Prenatal Testing. In type 1 vWD, given the typically mild to moderate phenotype and complex issues related to genotype and phenotype correlation and finally the risks associated with the procedure, prenatal testing has no role.
TYPE 3 VWD
Genetic testing of families with type 3 vWD provides information that can significantly affect patient care; however, a critical appraisal of its utility is needed in each family ( Figure 5 ). To address this, the following issues need to be considered: (1) do parents of the proband desire additional children; if they do (2) will they undergo prenatal testing; if they will (3) how will that information be used (ie, will the parents desire termination of pregnancy if the fetus is found to be affected or is the information simply to know if the fetus is affected, which may assist in management of labor and delivery). For both possibilities, in experienced hands, fetal cord blood sampling may provide the information needed for both termination and management of the pregnancy, although chorionic villus sampling will permit an earlier diagnosis. 48 For management of labor and delivery, unlike the case with severe hemophilia, 87 little is known about the risk of peripartum intracranial hemorrhage, but it seems to be low.
Genetic Testing of Affected Individuals.
The disease has a severe phenotype, so the mutations are clearly deleterious when present in both alleles of an individual's vWF genome ( Figure 6 ). Nevertheless, although genotyping the index patient may provide an estimate of the risk of developing inhibitors, it will not significantly influence routine clinical management for the affected individual. Direct DNA testing to delineate the mutation or assessment of haplotype for potential linkage analysis would be useful for genetic counseling and prenatal diagnosis of the parents in anticipation of management of future pregnancies (eg, consideration of termination of pregnancy or management of delivery or postpartum care of the neonate).
Genetic Testing of At-Risk Family Members. Initial testing of potentially affected family members consists of How will results of genetic information be used? the vWD profile discussed herein; however, heterozygous carriers of type 3 mutations can have normal coagulation test results. Thus, in this group of patients, direct genetic testing is the only way to identify carriers. Although this information is critical for appropriate genetic counseling for the risk of having affected children, genetic testing as the only modality of testing is not advised.
Prenatal Testing. Direct DNA testing or linkage analysis is useful for genetic counseling and prenatal testing for potential termination of an affected pregnancy or management of delivery. 48 
TYPE 2 VWD
Genetic Testing of Affected Individuals and At-Risk Family Members. Differentiation of mild hemophilia A and vWD type 2N (Normandy) has the most significant impact on clinical management (use of vWF vs fVIII concentrates) and genetic counseling (autosomal inheritance pattern). The fVIII binding assays to confirm reduced vWF:fVIIIB should be performed, and genetic testing for the common mutations that are localized to the fVIII binding region on vWF can be used to verify the diagnosis (Figure 7) . Differentiation of types 2A and 2B vWD provides useful information that alters clinical management. As discussed, the standard vWD profile is typically sufficient to diagnose type 2B vWD, and genetic testing can be used to confirm the diagnosis. Although patients with type 2B are characterized by the presence of variable degrees of thrombocytopenia, such a clear distinction is not always possible; hence, genetic testing can be used for diagnosis. Although debated, the importance of such a distinction is believed to affect management, since the therapeutic use of vasopressin (DDAVP) is believed to be contraindicated in patients with type 2B vWD because of the potential for worsening the thrombocytopenia.
Prenatal Testing. Considering the relatively mild phenotype of type 2 vWD and risks of testing procedures, prenatal testing is not indicated.
METHODS OVERVIEW OF SPECIFIC GENETIC TESTS IN VWD
Recent reviews on commonly used methods in genetic testing are available 88 and will not be reiterated. In general, for direct DNA testing, initial screening methods can be used to detect mutations that typically should be confirmed with direct sequencing of the relevant regions. In addition, restriction length fragment polymorphisms can be used for focused testing. Indirect testing is available for vWD; however, it is rarely indicated except for severe type 3 vWD. The laboratories that offer such testing and the respective methods used are listed on the GeneTests Web site (www.genetests.org/).
GENETIC COUNSELING
Although complex, both pretest and posttest counseling are critical components of genetic testing. A thorough explanation of the inheritance of vWD and limitations of information obtained with genetic testing is important. The training, time, and effort needed for optimal communication of the impact of genetic testing on multiple aspects of the patient and family make this a daunting task for the untrained individual. 89, 90 In addition to the medical impact, issues related to psychosocial, economic, patient confidentiality, and health and life insurability, although beyond the scope of this article, are important and add another layer of complexity. 91 Thus, although physicians (eg, hematologists and obstetricians or other primary care physicians) may be knowledgeable about key issues, the time needed for such counseling in a busy clinical practice is not always available. Genetic counselors are likely best suited to provide such nonbiased, comprehensive counseling.
Since the absence of bleeding symptoms does not exclude the possibility of an individual being affected with However, not all patients with such mutations will develop antibodies. Practically speaking, knowledge of the risk of development of inhibitors may prompt closer surveillance; however, vWF factor concentrates are still the product of choice, although use of fVIII bypassing agents may be useful for management of hemorrhage. 93 Counseling a family with type 3 vWD typically involves explaining why parents of an affected child may be asymptomatic. Generally, affected patients are either homozygous or compound heterozygous for deleterious mutations, and either parent may have inherited a heterozygous mutation, which generally does not result in a bleeding phenotype, or selected families may have consanguineous parents. Management of the patient, as mentioned, will depend on clinical phenotype and results of vWD profile testing; however, results of molecular genetic analysis are useful for a discussion on the risk of having affected children and for prenatal testing.
Type 2 vWD. Types 2A, 2B, and 2M vWD are inherited in an autosomal dominant fashion; type 2N and certain subtypes (eg, type IIC) are autosomal recessive. The diagnosis of type 2N vWD is critical for differentiation from mild hemophilia A, since the latter is inherited as an Xlinked recessive disorder; thus, counseling will be significantly different. In addition, management of prophylaxis and treatment of bleeding consist of the use of vWF-containing concentrates rather than fVIII concentrates. Accurate diagnosis of the type 2 variants is critical since the vWF protein is dysfunctional, and thus exogenous vWF concen- trates are typically administered rather than DDAVP, which would release endogenous dysfunctional vWF.
CONCLUSION
Genetic testing in the management of families with hereditary bleeding disorders in general and vWD in particular is evolving toward becoming part of routine care. Since there may be substantial costs of testing, as well as multifactorial impacts of testing results, the onus of optimal utilization rests with health care professionals. Comprehensive hemophilia centers and qualified genetic counselors can play important roles in counseling patients and their family members. A role for genetic testing for vWD can be expected to evolve considerably during the next few years as data from the European studies, coordinated by Peake (in the United Kingdom) and Rodeghiero (in Italy), become available, as well as its impact on the management of patients with vWD and their families.
